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Abstrat
We establish an indiret link between reli neutrinos and the dark energy setor whih originates
from the vauum energy ontributions of the neutrino quantum elds. Via renormalization group
eets they indue a running of the osmologial onstant with time whih dynamially inuenes
the evolution of the osmi neutrino bakground. We demonstrate that the resulting redution of
the reli neutrino abundane allows to largely evade urrent osmologial neutrino mass bounds
and disuss how the senario might be probed by the help of future large sale struture surveys
and Plank data.
1 Introdution
Two of the outstanding advanes of the last deades were the onrmation of neutrino osillations
and the observation of a late-time aeleration of the osmologial expansion attributed to a form
of dark energy, its simplest origin being a Cosmologial Constant (CC). In this work, we disuss the
impliations for osmologial neutrino mass bounds arising from an interation between the CC and
reli neutrinos.
Aording to Big Bang theory the Universe was merely about one seond old, when osmi neutrinos
fell out of equilibrium due to the freeze-out of the weak interations. From the standard presumption
that the neutrinos have been non-interating ever sine deoupling, it follows that their distribution
is frozen into a freely expanding Fermi-Dira momentum distribution. Consequently, these neutrinos
are assumed to homogenousely permeate the universe as the osmi neutrino bakground (CνB) with
a predited average number density of
∑
nν0 =
∑
nν¯0 = 168 cm
−3
today. This substantial reli abun-
dane only falls seond to the photons of the osmi mirowave bakground (CMB), the exat analog
of the CνB. However, owing to the feebleness of the weak interation, all attempts to diretly probe
the CνB in a laboratory setting have so far been spoiled [1, 2, 3, 4℄. Yet, evidene for its existene
and knowledge of its properties an indiretly be inferred from osmologial measurements sensitive
to its presene like the abundane of light elements as well as CMB and Large Sale Struture (LSS)
measurements (see e.g. Ref. [5℄ for a reent review). For example, LSS data an reet kinematial sig-
natures of reli neutrinos whih arise, sine on sales below their free streaming sale massive neutrinos
annot ontribute to the gravitational lustering of matter. Through the metri soure term in the
perturbed Einstein equations, this lak of neutrino lustering translates into a small sale suppression
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of the matter power spetrum whih depends on the frational energy density provided by neutrinos
to the total matter density. Hene, within the standard osmologial model, LSS data allows to infer
bounds on the absolute neutrino mass sale
∑
mν = 0.2 ÷ 1 eV (2σ) depending on the employed
data sets (see e.g. [6, 7, 8, 9, 10, 11, 12, 13, 14, 15℄). However, these bounds are in tension with the
laim of part of the Heidelberg-Mosow ollaboration of a > 4σ evidene for neutrinoless double beta
deay translated into a total neutrino mass of
∑
mν > 1.2 eV at 95% .l. [16℄. While this laim is
still onsidered as ontroversial (see e.g. [17℄), at present other independent laboratory experiment
are not sensitive enough to verify it. However, onsidering that osmologial neutrino mass bounds
strongly rely on theoretial assumptions on the CνB properties suh an apparent tension might hint
at new physis beyond the standard model. Namely, it might imply the presene of non-standard
neutrinos interations whih redue the reli neutrino abundane and thus relax osmologial neutrino
mass bounds (see Refs. [5, 18℄ and referenes therein). Hene, the improvement of urrent mass limit
from tritium β deay experiments,
∑
mν < 6.6 eV (2σ) [19, 20℄, by the approved tritium experiment
KATRIN with a projeted sensitivity of 0.2 eV [21, 22℄, oers the exiting possibility to probe suh
new neutrino interations in the near future. What kind of new interations ould neutrinos have?
Reently, it has been argued that a natural origin for new neutrino interations would be the setor
responsible for dark energy, a smooth energy omponent, whih is assumed to drive the observed
aelerated expansion of the universe [23, 24, 25, 26℄. A senario has been proposed [24℄, in whih the
homogenousely distributed reli neutrinos are promoted to a natural dark energy andidate, if they
interat through a new salar fore. As a lear and testable signature of this so-alled Mass Varying
Neutrino (MaVaN) Senario the new neutrino interation gives rise to a variation of neutrino masses
with time. The resulting phenomenologial onsequenes have been explored by many authors, in
partiular the impliations for osmology and astrophysis have been onsidered in Refs. [27, 28, 29,
30, 31, 32, 33, 34, 35℄.
In this paper we propose an alternative approah for the realization of a dynamial inuene of the dark
setor on reli neutrinos (and vie versa), whih is omplementary to the avenue in the MaVaN Senario
in the following sense. While we also start from the requirement of energy-momentum onservation
of the oupled two-omponent system, we, however, require the neutrino masses to be onstant. As
a diret onsequene, the energy exhange with the dark setor demands a non-onservation of the
number of neutrinos and aordingly its variation with time. Suh a set-up naturally arises on the
basis of Einstein's theory of general relativity in the appropriate framework provided by quantum eld
theory on urved spae time [36℄. Namely, this desription requires the running of the vauum (or zero
point) energy or equivalently the CC as governed by the renormalization group [37, 38, 39, 40, 41, 42℄,
whih implies an energy exhange between the CC and matter elds [43, 44, 45, 46℄. Within a suitable
renormalization sheme, we nd the reli neutrinos to govern the running of the CC at late times, when
they turn non-relativisti. We analyse the onsequenes of the energy-momentum exhange between the
reli neutrinos and the CC both for the late-time dynamis of the running CC and for the phase-spae
distribution and the abundane of reli neutrinos. Interestingly, independent of the absolute neutrino
mass sale realized in nature, in the redshift range aessible by urrent osmologial probes we nd
the eetive equation of state of the running CC to be extremely lose to −1 as suggested by reent
data (e.g. [47℄). However, we demonstrate that within the onsidered senario the eets of the CνB
on osmologial measurements are drastially redued. As a onsequene, urrent neutrino mass limits
arising from osmology an be largely evaded. Furthermore, we disuss how the onsidered senario
an be tested in the near future by the help of osmologial and laboratory based measurements.
The outline of the paper is as follows. In Se. 2 we provide the theoretial framework for the onsidered
senario, and in Se. 3 we analyse in detail the time evolution of the neutrinos and the CC arising from
their interation. Se. 4 deals with the phenomenologial onsequenes of the new neutrino interation,
in partiular, with the impliations for the inferene of neutrino mass bounds from urrent LSS and
CMB data. In Se. 5 we provide an outlook how the onsidered senario an be tested both by future
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osmologial probes and by experiments sensitive to Pauli-Bloking eets arising from the presene
of the CνB.
2 Running vauum energy
The existene of zero-point energies is an inevitable onsequene of quantum eld theory in whih every
quantized eld is ontributing to the vauum energy density Λ. In the absene of notable gravitational
interations, however, the CC an be ompletely ignored as it has no inuene on non-gravitational
physis. In ontrast to this, the osmologial evolution an be very sensitive to the CC [48℄, and
the impat of quantum orretions should be taken into aount. Unfortunately, the alulation of
the vauum ontribution ∆Λ of a quantum eld of mass m leads to a divergent result, whih an be
expressed as a momentum integral over all zero modes: ∆Λ ∼

d
3p
√
p2 +m2. Naïve estimations
with a high-energy ut-o, e.g. at the Plank sale MPl, are far from suessful sine they lead to huge
disrepanies with the measured value Λ0 of the CC:
∆Λ ∼M4Pl ≈ 10
123Λ0.
Nevertheless, quantum eld theory on a urved spaetime [36℄ allows us to obtain at least some infor-
mation from the divergent ontributions. In this framework gravity is onsidered to be a ompletely
lassial theory well below the Plank sale, whih provides the bakground for quantum elds and
their exitations. By using well-known proedures, innities like ∆Λ arising in this set-up an be made
nite and eventually lead to meaningful results by treating them in an analogous way as for example
divergent quantum orretions of the ne-struture onstant in quantum eletrodynamis (QED). Con-
sequently, regularization and renormalization tehniques allow to formulate a renormalization group
equation (RGE) for the CC. Of ourse, this proedure does not determine the absolute value of Λ, but
only its hange with respet to an initial value Λ0 that has to be measured by experiments. Similar
to the running ne-struture onstant, the vauum energy Λ(µ) beomes a sale-dependent variable
with µ as a harateristi energy sale, alled the renormalization sale.1 For eah bosoni/fermioni
eld degree of freedom (DOF) the RGE an be expressed in the form
µ
∂Λ
∂µ
= ±
m4
32pi2
, (1)
where m denotes the mass of the orresponding quantum eld. The omplete equation is then given by
the sum of DOFs of all elds in the theory. For free elds Eq. (1) is an exat result, and even in urved
spae-time there are no higher order orretions. Unlike QED, where the renormalization sale µ is
usually related to external momenta or energy sales, the running of Λ(µ) originates from a zero-point
funtion and does not involve external sales. Therefore, we have to nd a suitable identiation for µ.
In osmology several hoies have been disussed before in the literature, e.g. the Hubble expansion
rate H or quantities related to horizons, see [49, 50, 51℄ and the referenes therein. However, in
ontrast to suh global hoies for µ, in this work we investigate a sale that is more harateristi for
the ontributing eld and the orresponding partile spetrum. To motive its hoie, it is important
to note that Eq. (1) has been derived in the MS renormalization sheme that usually does not show
deoupling eets at energies suiently below the mass m [52, 53, 54℄. Sine the urrent CC is
muh smaller than m4 for most partile masses, the naïve evolution of the RG running down to low
energies µ≪ m might indue unrealistially huge hanges in the CC at late times. Instead of stopping
the RG evolution by hand in the low energy regime, we hoose our RG sale suh that it naturally
implements some sort of deoupling when µ approahes the eld mass m.
1
One also nds a RGE for Newton's onstant G, but its running is suppressed by the ratio (m/MPl)
2
. Therefore we
an safely ignore this sale-dependene in this work.
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Before identifying the renormalization sale, we have to note rst that a time-dependent µ generally
implies that the vauum energy Λ annot remain onstant anymore, even though its fundamental
equation of state is still −1. Therefore, in order to have a onsistent framework, Bianhi's identity has
to be satised. On a osmologial bakground this means
Λ˙ + ρ˙+ 3H(ρ+ P ) = 0, (2)
where the dot denotes the derivative with respet to osmi time t. For onreteness, let ρ and P be
the total energy density and pressure of all omponents apart from the CC. Sine for self-onserved
matter the term ρ˙+3H(ρ+P ) vanishes, there must obviously exist a non-trivial interation between Λ
and ρ aounting for the exhange of energy-momentum between both setors. Consequently, both the
matter energy density and partile number density do not obey the standard dilution laws anymore.
Note that this is qualitatively dierent from self-onserved dark energy soures, like (non-interating)
salar eld or holographi dark energy models.
Now, one might ask whih part of the total matter energy density onsisting mainly of old dark
matter, baryons, leptons and photons is atually exhanging energy-momentum with the running CC
to ompensate for the time dependene of Λ in Eq. (2). Sine the mirosopi realization of the implied
interation is not known, let us in the following motivate our approah to answer this question. The
vauum ontribution of a quantum eld of mass m leads to a RGE as speied in Eq. (1). At the same
time, the quantum eld desribes partiles of mass m, whose energy density ontributes to the total
matter density ρ. Aordingly, a natural way of satisfying Eq. (2) seems to be provided if the system of
the vauum ontribution and the energy-momentum of the quanta arising from the same quantum eld
is onserved. Correspondingly, eah eld obeys an equation of the form of Eq. (2), however, with Λ,
ρ and P belonging to this eld only. Following the same line of reasoning, the RG sale µ should be
related to this self-onserved system, too.
To examine the RG evolution of a weakly interating quantum eld, in our framework it is appropriate
to introdue the momentum distribution funtion f , whih haraterizes the density of the orrespond-
ing partiles in a given momentum bin on the homogeneous bakground of the universe. By its help,
the energy density, pressure and the partile number density of eah eld DOF an respetively be
expressed as
ρ =
T 4
(2pi)3

d
3y ω(y)f(y), ω(y) :=
√
y2 +
m2
T 2
,
P =
T 4
(2pi)3

d
3y
y2
3ω(y)
f(y), (3)
n =
T 3
(2pi)3

d
3y f(y).
Here, we take f to depend on y := p/T , the ratio of the momentum p and the eetive temperature T
haraterizing the speies, whih in the onsidered framework have the same saling with redshift suh
that y is onstant in time. Hene, while the eetive temperature T is ooled by the expansion, the
form of suh a distribution is maintained in the absene of interations. However, as it will turn out
later on, taking into aount the interation with the CC, the distribution funtion will not expand
freely anymore but also hange with time.
Aordingly, a reasonable hoie of the RG sale seems to be the average energy ρ/n of the system, sine
it behaves at high energies like the harateristi momentum or temperature sale T . Furthermore, it
is bounded from below by the eld mass m, thereby implying the end of the RG running. In order to
keep the spin statistis intat, we also implement the fators (1± f) for bosoni/fermioni elds,
µ =
ρˆ
nˆ
, ρˆ :=
T 4
(2pi)3

d
3y ωf(1± f), nˆ :=
T 3
(2pi)3

d
3y f(1± f). (4)
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Note that by these means ρˆ represents the average energy-density of the system whih is available for
the interation with the CC. Furthermore, we would like to point out that for more general systems or
sets of individual partiles, the resulting form of Bianhi's identity and the RG sale might look very
dierent from the onsidered ase.
3 The RG evolution of Λ and the CνB
In the following, we restrit our disussion to homogeneously distributed matter in the universe, that
is to CMB photons, to bakground neutrinos and in priniple to possibly existing other relis. The
photons in the CMB are massless and thus not aeted by RG eets. However, reli neutrinos,
should be subjet to RG running sine they are massive and very weakly interating. Aording to Big
Bang theory, their distribution was frozen into a freely expanding, ultra-relativisti Fermi-Dira (FD)
form, f0(y) = 1/(exp(y)+ 1), when neutrinos deoupled from the thermal bath at a temperature sale
of Tdec ∼ 1MeV ≫ m. In the following, we will therefore use this form as initial ondition for f and
alulate its time evolution by virtue of Bianhi's identity (2) and the integrated form of the RGE (1)
Λ(µ) = Λ0 −
m4
32pi2
ln
µ
µ0
. (5)
Let us stress that the following onsiderations generially hold for any weakly interating fermioni
speies of massm exhanging energy-momentum with the CC, if its initial distribution funtion assumes
the ultra-relativisti FD form f0(y). For this reason, and for simpliity, we will omit the index ν in the
following, but reinstate it when we investigate the phenomenology of interating neutrinos in Se. 4.
Aordingly, without loss of generality, we have taken both ρ, n and P in Eqs. (3) as well as Λ(µ) to
orrespond to one fermioni DOF, sine the atual number of fermioni DOF drops out in Eq. (2).
Here, the RG running of the mass an be negleted due to the absene of substantial interations with
other elds.
Beause of the momentum integrals in Eqs. (3), the Bianhi identity (2) yields a rather ompliated
non-linear integral equation for the time-evolution of f(y):
0 = ρ˙+ Λ˙ + 3H(ρ+ P ) =
T 4
(2pi)3

d
3y ω
[
f˙
−
m4
32pi2
f˙(1− 2f)
1
ρˆ
(
1−
ρˆ
Tωnˆ
)
+
m4
32pi2
f(1− f)
3H
ρˆ
(
y2
3ω2
+ 1−
ρˆ
Tωnˆ
)]
.
While the interation tends to deform f away from its equilibrium form f0 as disussed in the following,
we will still use the eetive temperature T = T0(z + 1) as a measure for osmi redshift as in
the standard ase. Aordingly, the present harateristi temperature of FD distributed neutrinos
is T0 ≈ 1.7 · 10
−4 eV. To nd a solution of the integral equation, we require the expression under the
integral to vanish for any momentum value y. This removes the outermost integral, and we obtain an
equation that an be solved numerially. In terms of the derivative f ′ with respet to the redshift2 z
2f˙ and f ′ are related by f˙(y) = −(z + 1)Hf ′(y).
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we nd the following evolution equation
f ′(y) =
3
z + 1
f(1− f) ·
N
D
, where (6)
N :=
y2
3ω2
+ 1−
ρˆ
Tωnˆ
, (7)
D :=
ρˆ
( m
4
32pi2 )
+ (1− 2f)
(
ρˆ
Tωnˆ
− 1
)
. (8)
Let us in the following analyse this equation and ompare it with our numerial results for the evolution
of f . First, as a onsequene of employing ρˆ instead of ρ in Eq. (4), one an see that the fator f(1−f)
on the right-hand side ensures Pauli's priniple to hold, 0 ≤ f ≤ 1. Moreover, at early times, when ρˆ ∼
T 4 ≫ m4, the dynamis is strongly suppressed, |f ′| ≪ 1, and the neutrinos just behave as in the
unoupled ase. During this time the denominator D is positive for any value of y, while both the sign
of the nominator N and of f ′ are y-dependent. For large momenta, y →∞, we nd f ′, N > 0 implying
the deay of neutrinos. Considering that µ is dereasing, this is the expeted behavior following from
Eq. (2). However, in the small momentum regime, y → 0, the distribution funtion inreases beause
of f ′, N < 0. Sine we are laking a mirosopi desription of the dynamis of the oupled system,
just from solving Bianhi's identity it is impossible to say whether the growing f owes to slowing down
high-y neutrinos or is also due to partile prodution.
Finally, the distribution funtion is either approahing f = 0 or f = 1, when the positive denominator in
Eq. (6) beomes zero. More preisely, the rst zero appears for large momentum, where f(y →∞)→ 0
and ω → ∞. Sine the seond term in Eq. (8) in this limit is −1, the time when this happens is
determined by ρˆ = m
4
32pi2 . This roughly orresponds to T ≈ m/3, i.e. the time when neutrinos turn
non-relativisti. To arrive at this estimate, we have assumed that f has not hanged muh yet from its
initial FD form f0 and in addition that ρˆ ≈ ρ. At the momentum position of this zero the spetrum is
simply ut o with all larger momenta being removed, whih is illustrated niely in the last three plots
in Fig. 1 for dereasing redshift. This gure also demonstrates that for inreasing time and further
dereasing ρˆ, the momentum ut-o is moving to lower y-values.
A seond zero in the denominator D will eventually our for small values of y. This happens when ρˆ
has dereased suiently and (1 − 2f) is negative. In the orresponding y-range we nd f ′, N < 0,
and aordingly in this ase f aquires its maximal value 1. As illustrated in the last of the two plots
in Fig. 1, with dereasing redshift, the seond zero of D ours for larger and larger y-values for whih
onsequently f(y) → 1. Finally, both zeros in D meet at y = yei ≈ 0.7, whih implies that f annot
be evolved anymore aording to Eq. (6).
At this stage the spetrum represents a maximally degenerate Fermi-Dira distribution with all states
ompletely oupied up to the Fermi momentum yei. One this Fermi sphere has formed, it is still
possible to pursue the further time evolution of f(y) analytially by allowing the Fermi momentum ye(t)
to be time-dependent. As a result, we nd respetively for the RG sale and the neutrino energy density
µ =
ρˆ
nˆ
→
√
y2e(t)T
2 +m2, ρ =
T 4
2pi2
 ye(t)
0
dy y2ω. (9)
Aordingly, other f(y)-dependent quantities an be determined by replaing the distribution funtion
by a step funtion whih is 1 for y ≤ ye(t) and 0 elsewhere. From Bianhi's identity we therefore obtain
a muh simpler dierential equation for ye(t),
y˙e(t) =
Hye(t)
1− 16ye(t)
T 4
m4
ω3
m
T
≫y
=
Hye(t)
1− 16 Tmye(t)
. (10)
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Figure 1: Evolution of the momentum distribution prole f(y) of one neutrino with two DOFs and
mass mν = 9× 10
−3 eV. Note the dierent saling of the axis of ordinates and of the absissae at eah
redshift z. The plot orresponding to z = 7.12 demonstrates that the denominator D(y) in Eq. (8)
exhibits two zeros, at whih f(y) beomes 1 or 0, respetively. The nal prole is aquired at z ≈ 4.75.
As indiated by the shaded region in the last z = 5.47 plot, it orresponds to a maximally degenerate
Fermi sphere with all states oupied up to the Fermi momentum ye ≈ 0.57 (dashed-dotted line).
As an be read-o from Eq. (10), sine neutrinos are already non-relativisti and thus
m
T ≫ y, ye(t) an
only be evolved until it takes the nal value ye(t) ≈ m/(16T ). In our system this means that neutrinos
are not able to exhange energy-momentum with the CC anymore. This is a diret onsequene
of inluding the Pauli priniple in the RG sale, whih bloks any further hange in the oupled
system. Therefore, it an be understood as the deoupling of the neutrinos from the running CC.
Thus, heneforth, both the running of µ and of the CC is taken to ease suh that the neutrinos evolve
independently.
To nd a (semi-)analytial expression for the nal Fermi momentum ye, in the following, we will
estimate the redshift Te = T0(ze + 1) orresponding to the deoupling time. To this end, we proeed
by approximating the redshift evolution of interating neutrinos. Aordingly, when the interation
eetively sets in, the temperature roughly satises Ta = m/3, and we approximate the distribution
funtion f(y) by a Fermi sphere with initial Fermi momentum ya > ye. At this time, ya an be
determined by omparing the energy density ρsph of this sphere with the energy density ρFD of a
standard FD distribution. In the non-relativisti neutrino regime, we obtain from the equality of
ρsph ≈
1
6pi2
T 3amy
3
a and ρFD ≈
3ζ(3)
4pi2
T 3am, (11)
the initial Fermi momentum ya whih takes the form ya = (
9
2ζ(3))
1/3 ≈ 1.76. By integrating the
7
dierential equation (10) in the form
3
y′e(z) = −
1
z + 1
·
ye(z)
1− 16 Tmye(z)
(12)
from Ta = m/3 to Te with ye = m/(16Te), we nd ye = ya exp(m/(16yaTa)− 1) ≈ 0.72 and thus Te ≈
m/11.5. Aordingly, the estimate for Te is of the same order of magnitude as the numerial result Te ≈
m/9. Note that the nal value,
ye = m/(16Te) ≈
9
16
, (13)
turns out to be independent of the mass parameter, whih is onrmed by our numerial alulation.
Beause the maximal physial momentum pe = yeTe =
m
16 of the neutrino spetrum is muh smaller
than the mass m, after deoupling from the CC, the neutrinos redshift just like non-relativisti dust,
thus ontributing to the dark matter. However, sine they have transferred a substantial amount of
energy-momentum to the vauum energy during the interating phase, with respet to non-interating
neutrinos of equal mass and energy density ρFD, the magnitude of their energy density is redued by
a fator,
ρFD
ρ
=
m
mapp
=
∞
0 dy y
2m
T /(e
y + 1)
 ye
0 dy y
2m
T
≈ 30 for T ≤ Te. (14)
In the onsidered senario, this relation also denes the apparent neutrino mass mapp, whih follows
from assuming the standard saling law for the number density nFD and equal energy density, ρ ≃
mappnFD for T ≤ Te.
Let us in the following qualitatively disuss the impat of the oupling between neutrinos and the CC
on the bakground evolution. From the previous disussion we rst note that the main eets of the
interation our during an epoh set by the neutrino mass,
Te ≈
m
9
< T < Ta ≈
m
3
. (15)
Aordingly, the smaller the neutrino mass the later does the energy-momentum exhange between
the oupled system our. However, also the impat on the bakground evolution dereases with
the neutrino mass, while the running of Λ beomes entirely negligible for m ≪ Λ
(1/4)
0 aording to
Eq. (1). In addition, in omparison to the ΛCDM model with massless neutrinos, the energy density
in light massive neutrinos is not muh larger. As an example, we have plotted the redshift evolution
of the osmologial onstant in Fig. 2 for a hierarhial spetrum with one massless and two massive
neutrinos as allowed by neutrino osillation experiments. At high z both of the massive neutrinos
ontribute to the running of Λ, while the heaviest neutrino of mass m3 = 5× 10
−2 eV is the dominant
one. At z ≈ 30.6 its momentum distribution has aquired its nal, maximally degenerate form and
thus the neutrino deouples. Afterwards, the seond lightest neutrino with mass m2 = 9 × 10
−3 eV
is left over to drive the CC to its urrent value Λ0, whih is reahed at z ≈ 4.75. Neutrinos lighter
than T0/9 ≈ 1.5 × 10
−3 eV ould be interating with the CC even today, but their inuene on the
running Λ would be too small to be deteted.
However, we enounter a more pronouned eet of the interation for larger masses, where Λ was very
negative in the past and evolves to its urrent observed value Λ0 > 0. A negative CC might rst look
strange, but there are many potential soures for negative vauum energy, e.g. spontaneous symmetry
3
The general solution of Eq. (12) for arbitrary ya,e and Ta,e reads
ye = ya exp
„
m
16
„
1
Taya
−
1
Teye
««
.
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Figure 2: Vauum energy density Λ(z)/Λ0 as a funtion of redshift for a hierarhial neutrino mass
spetrum with m1 = 0 eV, m2 = 9× 10
−3
eV, m3 = 5× 10
−2
eV and 2 DOFs eah. Note the dierent
saling of the ordinate.
breaking [39℄ or supersymmetry [55℄. In addition, it turns out to be harmless sine in the relativisti
regime, where T ≫ m and µ ≃ T the vauum ontribution is given by
Λ0 − Λ =
m4
32pi2
ln
µ
µ0
=
m4
32pi2
ln
T
m
.
Obviously, this is muh smaller than the energy density ≃ T 4 of the dominant radiation omponents
at early times. Therefore, the deay of the neutrinos and the inuene of the running CC on the
bakground evolution is negligible during this stage, thus leaving Big Bang Nuleosynthesis (BBN)
unaeted by this mehanism. Only in the redshift range, where the energy exhange with the neutrinos
is relevant, Λmay have a larger impat on the bakground evolution. To illustrate the eet we onsider
the ase of three degenerated neutrinos with mass mν = 2.2 eV and 2 DOFs eah, as maximally allowed
by β-deay experiments.
In the redshift range z ∼ 1400 ÷ 3900 a large fration of neutrino energy-momentum gets transferred
to the CC and thus the aeleration fator q = a¨a
a˙2
indiates a prolonging of the radiation dominated
epoh (q ≈ −1) with respet to standard osmology. In other words, temporarily, the expansion is
deelerating to a greater extend, as shown in Fig. 3c). The reason for this bakground behavior is that
the oupled negative vauum energy and the deaying neutrinos at as a very sti system as illustrated
by the orresponding eetive equation of state ωeff in Fig. 3b). In the nal stages of the interation
the universe quikly approahes the standard evolution of a Λ Mixed DM model (ΛMDM) again, whih
orresponds to a ΛCDM model inluding neutrino masses. Therefore, the transition from the radiation
dominated to the matter dominated epoh is muh sharper than in the non-interating ase. As of
then, the CC exhibits its standard value and redshifts with an equation of state of ω = −1, while the
neutrino energy density dilutes aording to the standard law, however, its magnitude is redued by a
fator 30. Note that in the mν = 2.2 eV ase this happens before reombination.
Our third example shows neutrinos with degenerate masses mν = 0.5 eV. In this ase, the energy-
momentum transfer starts after the time of reombination at approximately z = 900, and in omparison
to the ase of mν = 2.2 eV has less impat on the bakground evolution due to the smaller neutrino
mass. Nevertheless, Fig. 3 suggests that the integrated eets on the expansion rate from today to
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Figure 3: Cosmologial evolution in the ase of three degenerate neutrinos with two DOFs and
mass mν = 2.2 eV (left) and mν = 0.5 eV (right) eah. a) The relative energy densities Ωi of the om-
bined neutrino-CC system (solid), neutrinos (short-dashed), the CC (dashed-dotted), matter (long-
dashed), radiation (dotted), respetively. b) The eetive EOS ωeff of the ombined neutrinos-CC
system (solid) in the interating phase, the EOS of neutrinos (dashed) and the CC (dashed-dotted),
respetively. ) The aeleration fator q = a¨a
a˙2
within ΛCDM (dotted), ΛMDM (dashed) and ΛMDM
with neutrino-CC interation (solid), respetively. d) The ratio of the Hubble expansion rate within
ΛMDM with neutrino-CC interation and ΛCDM (solid) as well as ΛMDM and ΛCDM (dotted),
respetively.
the time of reombination have an in priniple measurable inuene on osmologial observations, f.
Se. 4.
The results disussed so far should also be appliable for other elds of higher masses as long as they
are not interating too strongly. Then, the mehanism starts at earlier times, when Λ was even more
negative. However, as argued above, we expet the CC to be sub-dominant also during these stages
and thus not to seriously interfere with standard Big Bang osmology. Let us justify this statement
by expliitly alulating the maximum of the ratio between the shift ∆Λ of the running CC and the
energy density ρ of the interating fermions,
r :=
∆Λ
ρ
=
3
32
(
m
ye(t)T
)3
ln
ye(t)T
µe
. (16)
Note that the number of fermioni DOFs drops out. Sine the maximum ours lose to the end of the
interating phase, we have employed the energy density and RG sale of a Fermi sphere from Eqs. (11)
and (9). In addition, the nal sale µ2e =
257
256m
2
is xed by yeTe = m/16. Therefore, the maximum
of r is aquired for y T/m ≈ 0.11, and its value rmax ≈ 0.57 turns out to be independent of the eld
mass. Thus, let us apply this upper bound to the early universe. Aordingly, deep in the radiation
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dominated epoh, the total energy density ρtot is dominated by many relativisti partile speies suh
as photons, neutrinos, eletrons and so on. In ase one of these speies beomes non-relativisti, it
indues a vauum shift whih maximally orresponds to a small fration of ρtot. Later on, however,
when only few relativisti speies are left over, this fration an be as large as rmax. Therefore, the
running vauum energy shows a traking behavior, whih beomes better and better as time advanes.
Despite the smallness of r, one might still worry about early dark energy onstraints at BBN. At this
time, eletrons and positrons should be subjet to our mehanism and the indued hanges in the CC
ould harm the bakground evolution. However, from partile speies like e
±
that annihilate after
their deoupling from the thermal bath, there is not muh energy-momentum left over that an be
transferred to the CC. Therefore, the interation of the partiles with the CC eetively eases at this
moment, and the indued vauum shift is muh smaller ompared to a fully developed mehanism.
It is remarkable that even though we annot explain the smallness of the urrent CC, we have found
a mehanism that keeps its quantum orretions under ontrol during the osmologial evolution.
Additionally, in ontrast to models of traking quintessene, the onsidered senario only requires a
single free parameter, Λ0. It is also worth noting that the nal vauum shift indued by the neutrinos
is of omparable magnitude as the present CC value, although both quantities are apparently not
diretly related to eah other.
4 Phenomenologial impliations
4.1 Relaxing osmologial neutrino mass bounds
In this setion, we will onsider the onsequenes arising from the non-standard neutrino interation
with the CC for the inferene of neutrino mass bounds from urrent as well as from future osmologial
measurements suh as of the CMB and of LSS.
We will start by extending the disussion of the last setion on modiations to the bakground
evolution aused by the interation between the neutrinos and the CC. This will allow us to give
a qualitative estimate of its impat on the spetrum of the CMB utuations and of the arising
possible restritions on the masses of interating neutrinos. Furthermore, it will set the stage for
our subsequent (semi-)analytial analysis in Se. 4.1.2 whih demonstrates that within the onsidered
senario all urrent bounds on neutrino masses derived from LSS measurements an be evaded. A
detailed numerial analysis an be found elsewhere [56℄.
4.1.1 Relaxing neutrino mass bounds from CMB data
As already mentioned in the last setion, the bakground evolution is modied in the presene of the
onsidered non-standard neutrinos interation due to the following two olluding eets. The rst
one results from the stiness of the eetive equation of state of the neutrino  CC system during the
interating phase whih tends to prolong the radiation dominated regime as argued before. The seond
eet on the expansion rate arises generally if the ΛCDM model is extended to inlude neutrino masses
(ΛMDM) [5℄. However, as disussed in the following, its impat turns out to be muh less important
in the presene of the onsidered non-standard interation.
In general, while massive neutrinos are still relativisti at suiently early times and are thus ounted
as radiation, after the non-relativisti transition they ontribute to the dark matter. This implies that
the relative density of other speies or the spatial urvature today have to get modied in omparison to
a universe with massless neutrinos. However, for interating neutrino the energy-momentum transfer
to the CC beomes eient as soon as they turn non-relativisti. This ensures that within a relatively
short phase of interation the neutrino energy density is redued to 1/30 of its standard value, f.
Eq. (14). Aordingly, in ontrast to the standard ase, the ontribution of interating neutrinos to
the total energy density today is Ωνh
2 < 2.4 × 10−3 (for
∑
mν < 6.6 eV as required by tritium
bounds [19, 20℄). Hene, for a at universe, this demands a negligible redution of the dark matter
density ompared to the massless neutrino ase. As a onsequene, the usual eet of neutrino masses
on osmology of postponing the matter-radiation equality is muh less pronouned for interating
neutrinos. However, the interation with the CC has an inuene on the bakground evolution and
thus on the time of transition from radiation to matter domination, where its impat grows with
inreasing neutrino mass. This an be seen by omparing the evolution of the aeleration parameter
q with and without the interation in Fig. 3. While the radiation dominated regime is prolonged, the
transition to the matter-dominated regime happens faster in the presene of the interation, sine it
quikly auses neutrinos to beome highly non-relativisti. This is also demonstrated by Fig. 3, where
the ratio of the Hubble expansion rate within ΛMDM with neutrino-CC interation and ΛCDM with
massless neutrinos is ompared to the orresponding ratio within ΛMDM without the new interation
and ΛCDM. Espeially the eets on the integrated expansion rate are expeted to be smaller for
interating neutrinos as suggested by Fig. 3. For the CMB power spetrum, however, it is mainly the
integrated expansion rate, whih determines the important sales that set the loation and the height
of the aousti peaks [5℄. More preisely, the sound horizon at reombination is given by,
rs =
∞

zrec
cs dz
H(z)
(17)
with cs denoting the sound speed of the baryon-photon uid. The observable angular sale of the
aousti osillations depends on an integral from the present to reombination involving the density
and the equation of state of the running CC [57, 58℄. While keeping all other parameters xed, with
respet to a ΛCDM model, in priniple a linear shift in the angular position of the CMB features ould
be indued. However, the eetive ωeff only diers from ω = −1 during the relatively short phase of
interation to an extent whih dereases with the neutrino mass. Furthermore, already muh before the
dark energy dominated regime the energy density in the running CC has essentially reahed its present
value (f. Fig. 2). Aordingly, the integrated result generally will not dier muh from the ΛCDM
ase.
4
We note that seondary eets on the CMB aousti peaks resulting from the free streaming
of relativisti neutrinos (i.e. a phase shift and an amplitude redution at large multipoles) [59℄ are
expeted to essentially be unaltered in the onsidered senario, sine in the relativisti neutrino regime
the oupling between neutrinos and the CC is very strongly suppressed (f. Se. 2).
Hene, in summary, qualitatively, ompared to the standard ΛCDM ase with massless neutrinos, the
modiations to the CMB spetrum arising from the inlusion of neutrino masses are less pronouned in
the presene of the non-standard neutrino interation. Therefore, for interating neutrinos the urrent
neutrino mass bound of
∑
mν = 2÷3 eV (at 95% .l.) gained from WMAP3 data alone is expeted to
be relaxed (f. [5℄ and referenes therein, see [60℄ for the tightest bound). Thus, a priori, the onsidered
senario does not seem to be exluded by urrent CMB data, even if the sum of neutrino masses is
in the super-eV range as allowed by urrent tritium experiments. A detailed analysis of the resulting
modiations to the CMB spetrum and the arising bounds on the masses of interating neutrinos goes
beyond the sope of this paper and will be investigated elsewhere [56℄.
In the next subsetion we will disuss the onsequenes of the non-standard neutrino interation on
the inferene of neutrino mass bounds from LSS measurements.
4
From similar arguments follows that the inuene of the interation on the magnitude of the integrated Sahs-Wolfe
eet at low multipoles is expeted to be small.
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4.1.2 Evading urrent neutrino mass bounds from LSS measurements
Struture formation is sensitive to neutrino masses through kinemati eets aused by the neutrino
free streaming as harateristi for hot and warm dark matter [61, 62℄. The assoiated important
length sale orresponds to the typial distane neutrinos an propagate in time t in the bakground
spaetime and is governed by their mean veloity 〈v〉,
λFS(t) = 2pi
a(t)
kFS
= 2pi
√
2
3
〈v〉
H(t)
, (18)
where λFS/a and kFS respetively denote the omoving free streaming length and wavenumber of the
neutrinos. As a onsequene, on the level of perturbations neutrinos do not aid to the gravitational
lustering of matter on sales below the horizon when they turn non-relativisti. However, their energy
density ρν ontributes to the homogenous bakground expansion through the Friedmann equation.
Through the metri soure term in the perturbed Einstein equation, this imbalane leads to a slow
down of the growth of matter perturbations on small sales (f. Ref. [5℄ for a reent review). It ruially
depends on the relative fration provided by neutrinos to the total energy density ρm of matter
5
,
fν ≡
ρν
ρm
≈
∑
mν
15 eV
, (19)
where ρm omprises the energy densities of old dark matter, baryons and neutrinos.
Assuming fν ≪ 1, on sales smaller than the horizon when neutrinos turn non-relativisti, the resulting
net eet on the present day matter power spetrum Pm(k) for a normalization at k −→ 0 is a
suppression of [62℄
∆Pm(k)
Pm(k)
≃ −8fν . (20)
In the following we will demonstrate that the proposed interation between reli neutrinos and the
CC allows to ompletely evade present neutrino mass limits dedued from LSS data below the tritium
bound mν < 2.2 eV [19, 20℄, beause the neutrino energy density gets redued below the urrent
sensitivity of LSS measurements on all aessible sales. However, at the end of the setion we will
argue that both for the Plank mission as well as for weak lensing or high redshift galaxy surveys it
seems feasible to probe the proposed non-standard neutrino interation. To this end, we will investigate
the modiations to the harateristi sale for free streaming signatures indued by the onsidered
neutrino interation.
Let us start by noting that for struture formation the interation generally has a negligible inuene
on the expansion rate independent of the atual neutrino mass sale realized in nature. Namely, if the
interation takes plae at late times during struture formation, the orresponding neutrino masses
and the amount of energy-momentum transferred to the CC are too small to lead to an observable
eet on H. However, in ase the interation has an impat on the expansion rate for suiently large
neutrino masses, then it eases already muh before struture formation. Aordingly, in the following
analysis we will adopt H˜(z) ∼ H(z), where a tilde throughout this work labels quantities whih assume
an interation between neutrinos and the CC.
Let us now proeed by omparing the frations fν and f˜ν provided by neutrinos to the total matter
density with and without non-standard interation in the non-relativisti neutrino regime, Tν < mν/3,
5
Note that the formula in Eq. (19) approximately also holds true in ase a very light neutrino state has not turned
non-relativisti yet, beause in this ase its relative ontribution to the energy density is negligible anyway [5℄.
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where ρν(z) ≃ mνnν(z). In aordane with Eq. (14), we dene the apparent mass of the neutrinos
also for times before the interation ends,
mapp(Tν) ≡ mν
ρ˜ν(Tν)
ρν(Tν)
= mν
n˜ν(Tν)
nν(Tν)
. (21)
Here, mapp represents the mass of a non-relativisti neutrino an observer would infer from the extent
of a neutrino-indued suppression of the matter power spetrum, if he assumes the standard saling
of ρν for a Fermi-Dira distribution. Per denition mapp absorbs the additional non-standard redshift
dependene ommon to n˜ν and ρ˜ν aused by the interation with the CC. We have plotted mapp as a
funtion of the redshift for dierent possible values of the neutrino mass in Fig. 4, whih demonstrates
that mapp beomes onstant for Tν <∼ mν/9 when the energy exhange with the CC has eased. Cor-
respondingly, after neutrinos have eetively deoupled from the CC, their energy density again obeys
the standard saling law with redshift, ρ˜ν ∝ (1 + z)
3
. However, ompared to the energy density of a
non-interating neutrino of mass mν , its absolute magnitude is redued by a (mass independent) fator
of mν/mapp ≃ 1/30 (f. Eq. (21) and Fig. 4). Consequently, sine tritium β deay experiments on-
strain neutrino masses to be smaller than 2.2 eV [19, 20℄, the apparent neutrino mass has to be smaller
than mapp < 2.2/30 eV ≃ 7× 10
−2
eV for Tν < mν/9. Thus, aording to Eq. (19), the suppression of
the matter power spetrum on sales below the neutrino free streaming beomes proportional to,
f˜ν =
mapp
mν
fν ≈
1
30
fν ≈
∑
mν
450 eV
< 0.015. (22)
This result demonstrates that for
∑
mν < 6.6 eV the interation with the CC redues the eieny of
the suppression of the power spetrum ahieved by neutrino free streaming below the urrent sensitivity
of LSS measurements. It should be noted that this result is independent of the atual sales where
neutrino free streaming is relevant. It thus implies that within the onsidered senario all urrent
bounds on mν from LSS data an be evaded.
However, in the next subsetion, we will disuss the harateristi free streaming signatures of inter-
ating neutrinos and see how they an possibly be revealed by future osmologial probes.
4.2 Charateristi free streaming signatures
Future weak lensing and also high redshift galaxy surveys in ombination with Plank data promise a
onsiderable inrease in the sensitivity to neutrino mass to σ(
∑
mν) <∼ 0.05 eV [63, 64℄. For instane,
surveys of weak gravitational lensing of distant galaxies diretly probe the matter distribution without
having to rely on assumptions about the luminous versus dark matter bias in ontrast to onventional
galaxy redshift surveys. The improvement of the sensitivity is largely due to the possibility of break-
ing parameter degeneraies in the matter power spetrum in partiular by the help of tomographi
information on the power spetrum resulting from a binning of the soure galaxies by redshift. Aord-
ingly, while existing LSS surveys are mainly sensitive to the transition region in the power spetrum,
where free streaming eets start to beome important, these future probes at dierent redshifts an
aurately measure a broader interval of wavenumbers extending into the present non-linear regime
(e.g. at the peak of the sensitivity of weak lensing surveys k ∼ 1 ÷ 10hMpc−1 at z = 0.5 [63℄, while
galaxy surveys probe sales 4.5 × 10−3hMpc−1 ÷ 1.5hMpc−1 at 0.5 < z < 6 [64℄). By these means,
they are in priniple sensitive to the harateristi step-like eets on the power spetrum arising from
neutrino free streaming and as a result to muh smaller fν . As we will see in the following, this oers
the possibility to test the onsidered senario by these future probes. The reason is that the intera-
tion between neutrinos and the CC turns out to not only redue the energy density, but also the free
streaming sale of the neutrinos for a given mass. Aordingly, the free streaming signatures tend to
be shifted towards the non-linear regime as we will demonstrate in the following.
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To this end, let us proeed by omparing the harateristi veloities of neutrinos whih determine
the free streaming sale aording to Eq. (18) with and without non-standard neutrino interation.
Starting with the standard ase, the neutrinos are assumed to be Fermi-Dira distributed, the average
neutrino veloity orresponds to the thermal veloity 〈v〉,
〈v〉 ≡
〈p〉
mν
≃
3Tν
mν
, (23)
where 〈p〉 denotes the mean momentum of freely propagating reli neutrinos. However, as desribed in
the last setion, the presene of an interation with the CC tends to remove high momenta from the
neutrino spetrum. As a onsequene, in this ase the average neutrino veloity gets redued and the
transition to the non-relativisti regime is speeded up ompared to non-interating neutrinos. Sine a
detetable suppression of the power spetrum by future surveys orresponding to
∑
mapp >∼ 0.03 eV
for the most ambitious projets [65, 5℄ requires the sum of neutrino masses in the interating ase still
to be in the super-eV range, we an safely assume the interation with the CC has eased already muh
before struture formation. Thus, after the nal stage of the interation, the mean neutrino veloity
〈v˜〉 of the maximally degenerated neutrino distribution with Fermi-momentum pF = yeTν = 4/3〈p˜〉
an be expressed as,
〈v˜〉 ≡
〈p˜〉
mν
≃
3
4
yeTν
mν
. (24)
Aordingly, by the help of Eq. (18) and Eq. (13) we arrive at the relation,
k˜FS = kFS
〈v〉
〈v˜〉
≃
64
9
kFS ≃ 7.11 kFS, (25)
where H˜(z) ≃ H(z) was assumed as justied above. Consequently, sine on average the interating
neutrinos are slower, their omoving free streaming wavenumber k˜FS aording to Eq. (25) is roughly
an order of magnitude larger than in the standard ase. We would like to stress that this result holds
independently of the atual neutrino mass sale realized in nature for redshifts 1 + z < mν/(9T0).
For neutrinos beoming non-relativisti during matter domination, the omoving free streaming wave-
number passes through a minimum at the time of the non-relativisti transition. Thus, in the standard
ase, the matter power spetrum is suppressed on all sales muh larger than [5℄,
knr ≃ 1.8 × 10
−2 Ω1/2m
( mν
1 eV
)1/2
hMpc−1. (26)
In ontrast, the free streaming signatures of interating neutrinos are expeted to inuene all wavenum-
bers larger than the minimal omoving wavenumber at Tν ≃ mν/9,
k˜nr ≃ 0.23Ω
1/2
m
( mν
1 eV
)1/2
hMpc−1. (27)
For omparison, for Ωm ≃ 0.3 and 0.046 < mν < 2.2 eV this orresponds to 2.1 × 10
−3hMpc−1 <
knr < 1.5 × 10
−2hMpc−1 in ontrast to 2.7 × 10−2hMpc−1 < k˜nr < 0.18hMpc
−1
. Clearly, the free
streaming signatures of interating neutrino are shifted towards the non-linear regime.
Hene, in summary, a lear signature for the onsidered senario is provided by the non-standard
orrespondene between the extent of the suppression of the matter power spetrum due to neutrino
free streaming and the orresponding sales whih are aeted. In other words interating neutrinos
appear lighter, however, at the same time an free stream a shorter distane in a Hubble time than in
the standard ase.
Before turning to the prospets of testing the onsidered senario by future probes, let us mention
another harateristi signature expeted to arise in its framework if
∑
mν is in the super-eV range.
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As argued above, in this ase the new neutrino interation has an impat on the time of matter-radiation
transition whose extent grows with inreasing neutrino mass. Aordingly, this leads to a translation
of the turning point in the matter power spetrum in omparison to the ΛCDM ase, beause the
sales entering the horizon at equality have a dierent size. However, the evolution of the aeleration
parameter q is harateristially altered ompared to the ase of non-interating massive neutrino as
desribed above. Thus, it is expeted to lead to a shift of the turning point ompared to both the
ΛCDM and the ΛMDM ase whose loation, however, has to be determined numerially [56℄.
5 Probing the senario
5.1 Future osmologial probes and interating neutrinos
In this subsetion, we will give an outlook how ombined future weak lensing tomography surveys and
CMB Plank data ould be used to probe non-standard neutrino interations and in partiular the
proposed new interation with the CC. As it turns out the ahievable explanatory power about the
underlying interation inreases with the neutrino mass.
In general, the ombined projeted sensitivity of lensing surveys and future CMB data is predited to
reah σ(
∑
mν) >∼ 0.03 eV for non-interating neutrinos depending on the employed data sets and on
the number of free parameters of the model (see Ref. [5℄ and referenes therein). Aording to solar
and atmospheri neutrino osillation experiments the neutrino mass squared dierenes are given by
∆m2atm = |∆m
2
23| ≃ 2.4× 10
−3 eV2 and ∆m2sun = ∆m
2
12 ≃ 7.9× 10
−5 eV2 (e.g. Ref. [66℄). Correspond-
ingly, even if the lightest neutrino is massless, the most ambitious projets provide a 2σ sensitivity to
the minimal normal hierarhy with
∑
mν = 0.06 eV and ould thus distinguish it from the minimal
inverted hierarhy orresponding to
∑
mν = 0.1 eV. Aordingly, non-standard neutrino interations
ould be revealed by these future probes, if neutrino free streaming signatures are not observed (see
e.g. [18℄). Interpreted in terms of the onsidered senario, this would indiate the sum of neutrino
masses to be in the sub-eV range suh that the orresponding non-standard reli neutrino density is
redued below the sensitivity of these experiments (f. Se. 5.2 for an alternative, omplementary way
of testing the nature of the underlying interation in the laboratory whih is independent of the atual
neutrino mass sale, sine possible modiations to the neutrino distribution funtion are probed.)
However, if
∑
mν = 1.2÷ 2.7 eV as suggested by some members of the Heidelberg-Mosow ollabora-
tion [16℄, then it seems feasible for future osmologial probes to unambiguously reveal the proposed
new neutrino interation with the CC and to verify the Heidelberg-Mosow laim within this senario
as disussed in the following.
Sine CMB data and LSS surveys give us a snap shot of the universe at dierent times, they oer
the possibility to ompare the inuene of neutrinos on osmology before (or while) and after the
interhange with the CC, respetively.
If the sum of neutrino masses is in the super-eV range, the phase of interation between the neutrinos
and the CC overlaps with the epoh of reombination and thus during this time leads to a harateristi
modiation of the expansion rate as desribed above. Within a 7 parameter ΛMDM framework, CMB
data is able to provide a bound on neutrino masses whih is independent of LSS data due to the
absene of a parameter degeneray [5℄. Considering that the projeted sensitivity of Plank data alone
is σ(
∑
mν) <∼ 0.48 eV for non-interating neutrinos (see Ref. [5℄ for a review), it thus seems feasible to
verify the Heidelberg-Mosow laim of
∑
mν > 1.2 eV for interating neutrinos by CMB data alone.
In addition, this result ould be tested in a omplementary way by future weak lensing or high redshift
galaxy surveys whih probe the reli neutrino bakground after the energy-momentum exhange with
the CC has onsiderably redued its energy density. This, however, implies ω = −1 = const. for the CC
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Figure 4: The apparent neutrino mass as a funtion of redshift as given by Eq. (21) for mν = 2.2
eV, mν = 0.5 eV, mν = 5 × 10
−2
eV and mν = 9 × 10
−3
eV. Note that the ratio mapp/mν ≃ 1/30 is
independent of the neutrino mass for 1 + z < m/(9T0).
during struture formation and thus the absene of an apparent degeneray between mν and ω usually
arising from a possible time-variation of ω. Thus, it seems reasonable to ompare to the projeted
sensitivity of future LSS probes within a 7 parameter ΛMDM framework. Sine
∑
mν > 1.2 eV would
orrespond to
∑
mapp > 0.04 eV, the most ambitious projets (see Refs. [65, 5℄) promise to be able
to verify the whole neutrino mass range indiated by part of the Heidelberg-Mosow ollaboration for
neutrinos interating with the CC. In order to be proven right, the extent of the suppression of the
power spetrum would require
∑
mapp > 0.04, but the orresponding sales of the power spetrum
aeted by neutrino free streaming would be > k˜nr = 8 × 10
−2hMpc−1 aording to Eq. (27) instead
of > 2 × 10−3hMpc−1 as expeted from the standard relation in Eq. (26). In summary, if the sum of
neutrino masses is in the super-eV range, the prospets seem good to probe the onsidered senario by
future LSS surveys ombined with future CMB data. In addition, in this ase the absolute neutrino
mass sale ould be asertained by identifying the predited harateristi non-standard neutrino free
streaming signatures on the power spetrum.
5.2 Pauli-bloking eets and interating neutrinos
Before we onlude this setion, we would like to mention another interesting way of testing the onsid-
ered senario in the laboratory whih is omplementary to osmologial measurements. Importantly,
it turns out to be independent of the atual neutrino mass sale realized in nature. Namely, proposed
experiments searhing for Pauli-bloking eets [67, 68℄ resulting from the presene of the CνB are
in priniple sensitive to possible modiations of the neutrino distribution funtion f indued by the
neutrino interation with the CC as disussed in the following. For instane, in the experiment pro-
posed in Ref. [68℄, the pair prodution of neutrinos with very low momenta p ≈ 0 is investigated,
where the event rate is sensitive to the Pauli bloking fator (1 − f). In this ontext, a standard FD
distribution fFD for the CνB would lead to a suppression fator (1− fFD) ≃ 1/2 in the event rate. In
ontrast, in our set-up, the distribution of the reli neutrinos is maximally degenerate with all states
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oupied up to the Fermi momentum pF after the interation with the CC has eased, thus leading to a
sharp-edged step funtion (1− f(p)) = Θ(p−pF) for the Pauli bloking term. Consequently, neutrinos
annot be produed with momenta below the urrent Fermi momentum pF = peT0/Te = yeT0, while
the prodution of neutrinos with larger momenta is not suppressed at all. Compared to the FD ase
this implies a muh sharper pair prodution threshold and in addition a shift in the threshold energy
due to the non-vanishing Fermi momentum pF ≈ 1.0× 10
−4
eV.
6 Conlusions and Outlook
The laimed evidene for neutrinoless double beta deay translates into a neutrino mass bound of∑
mν > 1.2 eV at 95% [16℄ whih is in tension with urrent neutrino mass bounds derived from os-
mology [6, 7, 8, 9, 10, 11, 12, 13, 14, 15℄. In this work, we have shown that osmologial neutrino
mass bounds an be relaxed and brought into agreement with the Heidelberg-Mosow laim, if a newly
proposed neutrino interation is taken into aount whih an be tested by future CMB and LSS
measurements. It ats between reli neutrinos and the CC and arises from the zero-point energy on-
tributions of the neutrino quantum elds. Sine they indue a sale-dependene of the vauum energy
via renormalization group eets, the CC beomes time-dependent as long as the renormalization sale
runs. In this ase, an energy-momentum exhange between the reli neutrinos and the CC is implied
through the Bianhi identity.
We have studied in detail the time-evolution of the oupled system, in partiular its onsequenes for
the dynamis of the CC, the spetrum and the abundane of reli neutrinos and its impat on the
interpretation of osmologial measurements. We have found that owing to the relative smallness of
neutrino masses, the interation beomes of dynamial inuene at late times when neutrinos turn non-
relativisti, Tν ≃ mν/3. Moreover, it eetively eases after a relatively short period, at a temperature
also set by the neutrino mass, Tν ≃ mν/9. This deoupling behavior an be attributed to our partile
spei hoie for the renormalization sale. Sine it was taken to be the average available neutrino
energy whih asymptotially runs to a value slightly above the neutrino mass, its evolution and thus
the running of the CC eetively ease in the non-relativisti neutrino regime. By taking into aount
other fermions of higher masses, it was also shown that the orresponding vauum ontributions are
beoming more and more important at late times, whereas they are ompletely sub-dominant in the
early universe. During the osmologial evolution, the CC is therefore approahing a traking regime
at late times.
Aordingly, in the relativisti neutrino regime after deoupling we have found the neutrino distribution
to essentially maintain its standard Fermi-Dira form, while the CC runs only logarithmially with
time, but with a smaller value than today. However, when turning non-relativisti, the neutrinos were
found to eiently transfer energy-momentum to the CC, thus driving its energy density to its value
as measured today. Sine as a result, high neutrino momenta turned out to be removed from the
neutrino spetrum while low momenta got enhaned, remarkably, the interation was found to deform
the neutrino momentum distribution into a maximally degenerate form. In omparison to Fermi-Dira
distributed neutrinos of equal mass, the mean neutrino momentum dereased by one order of magnitude
implying a redution of the neutrino energy density to 1/30 of its standard value after the interation
has eased. Interpreted in terms of the standard relation between the neutrino energy density and mass,
the non-relativisti neutrinos redshift as CDM, but appear lighter mapp = 1/30mν . Aordingly,
the presene of the non-standard neutrino interation was found to onsiderably relax osmologial
neutrino mass bounds. In partiular, within the onsidered senario urrent galaxy redshift surveys
were shown not to be sensitive at all to neutrino masses below the upper bound mν = 2.2 eV from
tritium experiments [19, 20℄ and ould thus be evaded. In addition, we have argued that the present
omparatively mild neutrino mass bound from WMAP3 year data of
∑
2÷ 3 eV at 2σ an be relaxed
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in the presene of the proposed neutrino interation with the CC. The reason primarily is that in
omparison to standard ΛCDM osmology, the harateristi integrated eets on the expansion rate
turned out to be smaller than in the ase of a ΛMDM model.
However, we have proposed possible tests for the non-standard neutrino interations with the CC
by future osmologial probes as well as by laboratory based experiments. In the former ase, the
explanatory power on possible new physis turned out to inrease with the neutrino mass. Sine future
weak lensing surveys probe a broad range of omoving wavenumbers at dierent redshifts, they provide
unbiased, tomographi information about the matter power spetrum. Combined with Plank data the
most ambitious projets promise a 2σ sensitivity to the minimal value in ase of a normal hierarhy
(
∑
mν ∼ 0.06 eV) [5℄ suh that a non-observation of neutrino free streaming signatures would provide
a hint for non-standard neutrino interations. Interpreted in terms of the onsidered senario this
would mean that the interation has redued the neutrino energy density below the sensitivity of these
future probes implying the sum of neutrino masses to be in the sub-eV range.
In this ase it might still be feasible for proposed laboratory based experiments to reveal the unique
signatures of a possible interation with the CC by diretly probing the neutrino distribution funtion
through Pauli-bloking eets [67, 68℄.
If, on the other hand, the sum of neutrino masses is larger than
∑
mν > 1.2 eV as suggested by part
of the Heidelberg-Mosow ollaboration, we found future LSS probes also to be able to unambiguously
reveal the harateristi free streaming signatures of neutrinos having interated with the CC. Namely,
Fermi-Dira distributed neutrinos an free stream larger distanes the lighter they are. However, as
a unique signature of the energy-exhange with the CC, neutrinos beome slower than in the absene
of the interation and thus free stream a shorter distane, while at the same time they appear lighter
due to their redued abundane.
In addition, it seems likely that future Plank data alone ould provide a omplementary test for
the Heidelberg-Mosow result within the onsidered senario, sine in this ase the interating phase
overlaps with the reombination epoh. Considering that the projeted sensitivity in the absene of
the neutrino-interation is σ(
∑
mν) <∼ 0.48 eV (see e.g. Ref. [5℄ and referenes therein), it thus seems
feasible by Plank data to trae the harateristi modiations to the expansion rate resulting from
the neutrino  CC interation.
Let us in the following give an outlook on possible extensions of the onsidered senario. Sine theories
beyond the standard model predit other relis as warm or old dark matter andidates, e.g. axions,
gravitinos or supersymmetri partners of standard model fermions, their eets on the running of
the CC relevant at energy sales of the order of their masses, ould onsistently be studied within the
proposed renormalization sheme. Suh an extension of the onsidered senario is espeially interesting,
beause the masses of bosoni speies enter the RGE for the CC with an opposite sign as fermions.
This might indiate that while the interation with the CC generially auses the fermioni speies to
lose energy-momentum, in turn, the bosoni speies would gain energy-momentum. Thus, presumably
this would tend to inrease the momenta of the bosoni distribution, making the bosoni dark matter
andidate hotter, while the energy density in the CC would derease. However, in order to be onsistent
with observations, within this senario strong restrition on the partile masses are expeted to arise
or their existene ould turn out to be exluded after all.
After the posting of the rst version of this paper, Ref. [69℄ appeared. The orresponding authors
laim that in the work on the RGE running of the CC [39, 40℄ part of the one-loop orretions to the
CC have been missed out, namely the expliit µ dependent part of the full one-loop eetive ation.
It is furthermore argued that on inluding the missing part the CC does not formally run with the
renormalisation sale µ. In our opinion this laim is misleading, sine it is preisely this allegedly
missed out one-loop orretion whih gives rise to the non-zero beta-funtion for the CC in Eq. (1)
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(determined by the partial µ−derivative). Moreover, in the framework of an RG improvement within
the eetive eld theory approah taken in our work, it is as usual the (non-zero) beta-funtion whih
desribes the RG evolution. Therefore, we do not see the appropriateness of our RG analysis of the
CC invalidated by the above paper.
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